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TITLE: ADPIO APPjtftATOS 



DESCRIPTI^ 



TECHETXCAL FIELD 

Hxe invention r^ates to audio apparatus 
particularly to audio ap»paratu» for personal use. 

BftCKGRQlJND ART 

Xt is Jmown to provide earplxones wHich may l^e inserted 
into a user '6 ear cavity or headpliones comprising a small 
loudspeaker mounted on a headband and ari-anged to be placed 

or ov$i: the user's ear. Such soxand souraes 



transmit sourui to a user's inner ear via the ear drum using 
eiir pressure waves passing along the ear canal. 

A typical oonveationAl earidione uses a moving eoil 
type transducer mounted in a plastic housing. .The morving 




2 

coil is connected ..to a ligtt diaphragm whicli is designed to 
•fit into the entrance of the ear canal. The movtng coil and 
diaphragm are light and are coupled intiniately to the 
eardium at the other end of the ear .canal. -The acoustic 
5 in^pedanee of the eardrum and ear canal seen by the moving 
coil transducer is relatively small. This small iampedanoe 
in conj\inotion with the intimate coupling means that the 
motion recsuiretaents of the moving coil transducer 
relatively Xow^ 

10 A moving coil transducer recgjuires a magnetic circuit, 

which typically contain metal parts, e.g. steal or iron 
£iolc pieces, to generate magnetic field lines for the coil 
to move* These parts provide a relatively large inertial 
mass which combined the low motiooci requirement means 



that relatively little vihration eaters the housing. 

T!liere are disadvantages associated with both 
liea<4>hones and earphones. For exantple, they may ohstruot 
normal auditory process such as conversation or may prevent 
a user from hearing useful or important external audio 
20 information, e.g, a warning. Furthermorre, they a^re 
generally uncomfortable and if the voXuidie of the sound 
being transmitted is too hign th^ may cause auditory 

overload and damage. 

An alternative metbod of sti^plying sound to a user's 
25 inner ear is to use bone conduction as for exanple in some 
types of hearing aids. In this case, a transducer is fixed 
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to a user • s mastoid bone 'to be m^ehanically covple«a fco tbe 
user's skull- Sound is then transmitted from tHe 
trajidduc^ through the skull and directly to the cochlea or 

The eardniTQ Is not involved in this sound 



5 transmission route. Locating the transducer behind the ear 
provides grood mechanical coupling* 

One disadvantage is that the mechanical impedance of 
the staill at the location of the transducer is a complex 
function of freqpiency. {Bhus-, the design of the trandducer 
10 and the necessary electrical equalisation xnay be expensive 
and difficult • 

..• 

Alternative solutions are proposed . in JPS6-083200, 
(Matsushita Electric ind Co Ltd), WO. 01/87007 (Tamco Japan 
Co I Ltd) and WO 02/30151 to the present applicant. Xn each.; 

• t 

15 publication, a transducer is coupled direct to a user's, 
pinna, in particular behind a user's ear lobe, to ^cite 
vibration therein whereby an acoustic signal is transmitted 



f e ' 



AS set out in wo 02/30151/ the transducer joay be 
20 piezoelectric. Like the moving coil type transducer in a 
conventional earphone, the piezoelectric transducer 
requires protection from mechanical damage. Furthermore, 
tbe piezoelectric transducer must be mechanically, coupled 
to the pinna and this coupling imast be protected* 
25 Accordingly; the transducer may be mounted in a protective 
housing , 




rehe ' pie=;oelectric transducer is not la intimate 
coupling. wi.tlx the eardrum and drives tbrough tHe relati^rely 
high in^edance of the pinna. Furtbenaore, scnmd is 
transiftifcted to the eardrum througH a mechanio^l coupling 
5 ratHer than an audio coupling. Accordingly, a relati^rely 
liigh level of vibration energy is required to maintain 
same lex^l at the eardrum as a conventional earphone. 

In a moving coil type transducer. 



piezoelectric transducer does not have a high inertial 
10 to which the vibratieais may he referenced. 

the housing may vibrate to produce vDEwanted external eoimd 
radiaticai. Such leakage of Sound radiation may annoy 
nearby listeners and may reduce the privacy for the wearer 

t 

and is detrimental to the performance of the 
15 apparatus. Accordingly, an object of the invention is to 
provide an ins>roved design of housing. 

DISCLOSURB OF INVENTION 
According to a first aspect of the invention, there is 
provided audio, apparatus comprising a piezoelectric 
20 transducer and coupling means for coupling the trair 

to a user's pinna wheretoy the transducer eaccites vibration 
in the pinna to cause it to transit an acoustic signal 
from the transducer to a user's inner ear, characterised in 
that the transducer is eanbedded in a casing of 
25 soft material and the casing is mounted to • a housing of 
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rialatively hard material such tb^t a cavity is defined 

• - 

betweesm tlie casing an^ 2ic>uslzig» 

The piima is tlxe wiiole of a user's outer ear. The 
tS:anscLucer may be. coupled to a rear face of a user\$ pinna 

■ 

ad:jacant to a user's concha. 

'Stte casing and. housing togetlier fozrm a two-part 
structure wliicli protects the transducer. The use of a two- 
part structure provides gp:^ater flexibility of design to 
create apparatus which produces minimal unwanted radiation, 
and has a transducer which is sufficiently protected with 

06od- sensitivity. In contrast, anounting a pie.zoelectric 

• * • * • .* 

* « 

..ateransducar in a one-part housing is .less flexible^. If a 
relatively hard material is used this loay ady^sely affect 
the sensitivity and bandwidth of the apparatus and may le^d 
to unwanted radiation. However, if a relatively, soft 
material is used^ the apparatus may not be suffioientiy 
robust . 

The casing may be moulded. ^e relatively soft 
material iitiay for exan^le be rubber i silicone or 
polyure thane . The material may also be non-conducting^ 
non-^allergeaaic and/or waterproof. The material preferably 
has minimal effect on . the performance of the transducer r 
i.e. does not constrain movement of the transducer and may 
provide some protection* e*g« small shocks and the 

environment, particularly moisture. 
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The housing is preferably rigid material so as to 
provide extra protection for the transducer, particularly 

• • m ma • •« 

during handling. The relativ^y hard material may for 
exan«>le he a metal (e.g. aluminium or steel), hard plastics 
5 (e.g. perspex, Acrylonitrile Butadiene Styren©(ABS) )or a 

high shore hardness ru to hftr* 

Both the casing anA the housing may be mouiaed, e.g. 

in a two step mouldingr operation, • Alternatively ^ tlie 

•I 

housing may he oast or stanped. The casing may be a snap- 
10 iEit in the housing for ease of ananuf acture . 

« 

' ' ' Thj^ coiaplingr between the casing and the hovsing is - 
preferably' nuLniJcdal to reduce traMiniSBion of vibraticaa f ^"^.5: 
the transducer to the housing. The housing may be coupled ^ 
to flL© casing at locations on the casingr having- reduced 

* 

IS vibration. «he locations may contact regions of the 
transducer at which vibration is oppressed, e.g- by 
inovmting masses. The locations may be at the opposed ends 

o£ the casing.. 

The cavity may ensnre minimal coupling between the 

20 casing and the housing- The cavity may also be designed to 
reduce rear radiation from the transducer which may reduce 
unwanted radiation from the apparatus. The cavity may have 
a mechanical ixnpedance (Zoo^icy) which is lower thaoi the 
output impedance of the transducer and more preferably, 

25 lower than the impedance of the pinna (Zpii«ia) - Thus the 
mechanical inipedanee of the carvity is preferably designed 



such that it does uot limit available force. Therefore the 
„«,tiou of the transducer and available force ifl not 
significantly effected by the oavicy. Therefore the cavity 
doe;s not have a detrimental effect on the sensitivity of 
the device. VBiere the cavity iinpedance is leas than the 
pinna iinpedance, all the available force u^y be transiritted 
to the pinna and the cavity has a minimal effect on the 
operation of the device. The effect of the cavity is then 
limited to the desired function -of- meehenieal protection 
and redaction of unwanted external acoustic radiation. 

J rche mechanical properties . in particular mechanical 
ip^edance. of the transducer may be eelaoted to «i*tch those 
o£'& typical pinna. By naatching the mechanical properties., 
in particular the mechanical inpedance, improved ef f icienc^r 

be achieved. Alternatively. the 



mechanical properties may be selected for miitability to 
the application. For exansile, if the matched transducer is 
too thin to be durable, the mechanical impedance of the 
transducer may be increased to provide greater durability, 
such a transducer may have reduced efficiency but may still 
!be useable 4 

Iha mechanical properties of the transducer may be 
matched to optimise the contact force between the 
transducer and the piima, for example by considering one or 
more parameters selected from smoothness, bandwidth and/or 
level of the frequency response determined toy each 




subjective user as* well aj^ th& physical comfort of the user 
both statically and iii the preeance of an audio signal. 
The mechanical properties of the transducer may be selected 
tM optinxise the'"£re<iuency rango^ of the transducer. 



5 The mechanical properties may include the location of 

the mounting, added masses, the number of piezoelectric 
layers. ' ^he transducer may have an off centre* mounting 
whereby a torsi on r1 force is used to provide good contact 
to the pinna. Masses.. may be added, for exainple at. the ends 
10 of the piezoelectric element, to iicgprove the low frequency 
bandnridth. The transducer may have multiple layers of 
piezoelecti5ic materials; whereby ^the voltage sensitivity aon^, 
be increased and the voltage recjuirement of an amplifier 
may be reduced- The or each layer of piezoelectric material 
15 may be conpresi^ed. 

The coupling means preferably provide a contact 
pressure between the pinna and the apparatus eo that the 
apparatus is coupled to the full mechanical impedance of 
the pinna- If the contact pressure is too light, the 
20 impedance presented to the apparatus is too small and the 
energy transfer may be sigiiif icantly reduced. VhB coupling 
means may be in the form of a hook; an upper end of which 
curves over an upper surface of the pinna. The lower end 
may ctirve under the lower surface of the pizma or may hang 
25 straight down behind the pirma. A hooJc Having both ends 
curving over the pinna may provide a more secure fitting 
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and sHoiild maintain sufficient contact pressure for 

efficient energy transfer. 

The housing .is mounted to the hook so that the 
transducer casing contacts a lower part of the pinna, for 
exan5>le the ear l<sbe. The hook jnay be made of metal, 
plastics or rubberised material . 

The audio apparatus may coinprise a hullt-in facility 
to looate the optimum location of the transducer on the 
pinna for each individual user as taught in WO 02/30151. 
The audio apparatus may ' comprise an eqjaaliser for applyit«f 
an etauaiisation to intprove the acoustic performance of the 
audio apparatus, i 



agqparatus 



both ears . Tbe namif acture may thua be simpler and cheaper 
since the tooling costs are reduced. Furthermore, the 
OTaratus loay be more user-friendly since a user cannot 
place the apparatus on the wrong ear and replacements may 
be easier to obtain, A user may use two audio apiparatusea , 
one mounted on each ear. The signal input may be different 
to each audio apparatus, e.g. to create a correlated stereo 
Wge or may be the same for both audio apparatuses. 

T*te audio apparatus may comprise a miniature built in 
microphone e.g. for a hands free telephony and/or may 
comprise a built in micro recei^, for exanqole. for a 

link to a local source e.g. a CD player or a 
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fceleplione, or to a renaote source for broaddast 
tiransmlsslons . 

According to a second aspect of tlie invexxtiozir tliere 
is provided a" metliodi^^ of. designing, audio apparatus 
5 con5>rising mechanically coupliixg a piezoelectric transducer 
to a user's pinna and driving tlie transducer so that the 
transducW excites vibrati<:>n. in the piima to cause it to 
transmit an acoustic signal from the transducer to a user 'a 
• • inner ear, characterised lay • eanbeddins the transducer in- -a 
10 casing of relatively soft material and by mounting the 
casing to protective housing of relatively hard material 
such that .a ca,vity is ...defined between the casing and 

housing. r 

The inethod loay cCHMprise selecting parameters of one or 

15 more of the cavity, casing and housing to reduce unwanted 
radiation, provide protection for the transducer and/or to 
ensure good sensitivity and bandwidth. Jn particular, the 
coupling between the casing and housing and/ or the cavity 
may be selected to reduce unwanted radiation- The material 

20 of the casing may be selected to ensure good sensitivity 
and bandwidth and/or provide some protection for the 
transducer, The material of the housing may be selected to 
pjEfovide additional protection. The mechanical iitpedance of 
the cavity may be low^ than the output ictpedance of the 

25 transducer and more preferably^ lower than the impedance of 
the pinna. 

100800?:$?' ■J6hcSi^p4^k'!^^^l 



The metJiod may comprise meamirins ci^s acoustic 
performance, of the audio apparatus for each user and 
adjusting the location of the tr^xisducer on the pinna for 
each individual user to fflptimise acoustic performance, for 
5 example to provide optical tonal, balance. The pptiiDal 
position may be measured hy determining the angle between a 
horizontal axis exteading tHrough the entrance to the ear 
canal and a radial line which extends through tbe entrance 
and which corresponds to the central axi-B of the 
10 transducer. -The angle may be in tie range of 9 to 41 
degrees of declination-..:. v; ■''■■}'■ > 

oaie method may : *?«^ris,e . applsfissa^ an .equalisation to 
i^ove the acoustic perforxtt«noe of the audio apparatus. 
' The method may con«>rise applying conipressiotti to the si< 
15 applied the transducer, particularly if the transducer is^ a 
pieaoeleetric transducer. aaie method may comEariee 
optimising the contact force between the transducer and the 
pinna. The contact force may be optimised by 
parameters auch as smoothness, bandwidth and/ or level of 
20 the frequency response determined toy each subjective user 
as well as the physical comfort of the user both statically 
and in the presence of an audio signal. 

The audio apparatuses and methods described above may 
be used in many applications, for example hands free mobile 
25 phones, virtual conferencing, entertainment systems such as 
in-flight and computer games, communication systems for 



Lg.6aBoz93l^-.se^feo^:;v^?r^M^ 
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emerg-ency and secruritY servixres, imderwater operations, 
active noise cancelling earphones, tinnitus inaskers, call 
centre and secretarial applications, home theatre and 
cinema, enhanced and shared reSiity including data and 
infonoatsion interfaces, training applications, museums, 
stately homes {guided tours) and theme parks and in-car 
entertaijoment . JFiirthermore, the audio apparaLtus may be 
u£;dd in all applications where natural and uniufvpeded 
hearing must he retained^ e.g:. enhanced sa£ety for 
pedestrians and cyclists who are also listening to 

« 

programme material via personal headphoxies . 

A partially deaf person^.^roay hay^ ^9!P^ . adequate 
hearing over part o£ the frequency raxige and poor .hearing 
over the rest of the freigcuency range. The audio apparatus 
may be used to augment the part o£ the fre<xuency range for 
which a partially deaf person has poor hearing without 
■j-fflp w^Hnj the deaf person's hearing over the rest o£ the 
£req;a^acy range- For example , the audio apparatus may he 
used to augment the upper frequency rang© for a partially 
deaf person who has good or adequate hearing in the lower 
part of the frequency spectrum or vice versa. "Che low 
frequency range may be below 500Hz and the high frequency 
range above IkHz, 

BRIEF DESCRIPTION OF THB DRAWINGS 

For a better understanding of the invention/ and purely 
by way of exazxqple, specific embodiments of the invention 
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will now be • described, with reference to the acdoidpanying- 

drawings in wliich 

Figure 1 is a perspective view of an embodiment of tlie 

piresent invention mcnmted..aa a pinna; 
5 Figure 2 ifi a cutaway side view of tHe audip apparatus 

of Fignrre 1 with parts removed for clarity; 

Figure 3 is a croB 3- sectional view of tlie 
Figure 1, taken at riglit angled to that of Figure 2; 

Figure 4a is a -per^eotive view of an 

10 eaiibodiment of audio app^atus; 

Figure 4b is a view siiowing the .coniponeats of tlie audio 



Figures 5a to Sc are side ^^fiews of alternative 

■ 

piezoelectric transducers whicli may be used in tlie present 

IS inv^fintiOD; 

Fio«re 6 is a graph o£ power asrainst frecjuency fpr the 

transducer of Figura 5b wlien attaclied to tlie pinna; 

Figure 7 is a sdienvatAc diagram of tHa medianical 
iii4>edanoes of tHe conffixsnent of an audio apparatus according 
20 to an aspect of the invention; -j 

Figures 8a and 8b are graphs of the mechanical 
in^edances of the conponents with frequency. 



DBTAIIiBD PESCRIPTION' 



25 Figure 1 shows an aiidio apparatus 30 according to 

present invention mounted on a pinna 32. The apparatus 
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compafises a protective outer liousing 34 to wlxich. coupling^ 
Means h^vln^ uppezr ancL lower laooka 36, 3 B are attached. The 
Jaooks 36,38 loop over tiie upper and lower parts of the 
plxxcia 32 respectively to ensure a good eoiatact between the 
apparatus and the plzma. Leads 40 extend from the houslng- 
34 to he coxmected to an external sQund source. 

As shovm ±n Figures 2, the outer houslngr 34 is a 
hollow bod;y which houses a casing 42 in which a 
piezoelectric transducer- 44 is embedded. A canity 48 is 
defined between the outer housing 34 and the casingr 42. The 
'c^asin^ 42* is of generally rectangular cross-section with. .a.;. . 
concave section 46 and is shaped so as to provide a snug.^^ 
fit' on the user's pinna. The casing 42 is foxxned from a 
lAaterial which Is much softer that the" xnaterial used for < 

* • 

the housing 34* 

The outer housingr 34 is connected to opposed ends of 
the casing* 42 by connectors 50 which minimise transmission 
o£ vibration from the easing 42 to the housing 34. The 
housing 34 is formed with loops 52 which secure the 
coupling means 54 thereto. 

As shown in Figure 3^ the transducer 44 is embedded in 
a casing €0 which is forxoed with lugs 56 along both sides r 
The lugs 56 engages in corresponding grooves 58 on the 
imier face of the outer housing 62 so that the casing is a 
snap-fit on the housing. The coupling means 54 is secured 
to the outer face of the outer housing 62 » A cavity 64 is 
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defined between the inner face of tdie outer liotising 62--^d 
the outer face of the casing 60 . 

Figures 4a and 4b show audio apparatus coniprising a 
steel hook 20 for supporting the earphone on a user's pinna 
anri a piezoelectric transducer 22 comprising a bimorph beam 
embedded in a hezmetleally sealed casing 24. The 
transducer 22 is protected from damage by a protective 
housing 26 in the form of a bar which may be chromed for 
aesthetic affect- The beam is terminated with two brass 
jnasses v^eretoy the low frequency performance may be 
extended. 

r aaae-.fliser is able to fit the apparatus to their , pinna 
by^ initially hooJcing the hook over the upper portion of., 
eheir ear. The user may then press on both the top of the 
hook and the opposite end of the protective bar to baxd the 
shape of the device for their comfort and to achieve , a good 

fit for acoustic purposes. 

Figures Sa to 5c show alternative piezoelectric 
transducers which may be used in the present invention. In 
Figure 5a. the transducer 10 is curved and cojtjprises two 
curved piezoelectric layers 12 sandwiching a curved shim 
layer 14. In Figures 5b and 5c, the transducer are not 
curved and are rectangular of length 28 nmi and width S mm. 

In Figure 5b, the transducer 40 comprises two layers 
42 of piezoelectric material each of thickness lOOmicTon. 
Each layer 42 is separated by a shim . layer 44 of brass 



4 

m 

15 

wliich Is SOmlcrozpi tihick. Masses 46 are ittounted Iro each end 
of t:he txazisducer . Tlie transducer has an output: ijivpedance 
of 3.3 Ns/m. In Figure 5c, the transducer^ oomprises four 

« 

;* layers 16 of piezoelectric matexial (©•g*. P2T) . alteirnating 
5 with three electrode layers 18 (typically silver 
palladixim) - The layers are arranged in a stack with the 
bottom layer being an electrode layer IB and the top layer 
being a piezsoeXecbric layer 16 « The transducer is mounted 
on an alloy shim and is secured hy an adhesive layer 19 # 
10 Figure 6 shows a measurement of the power dissipated 

in the transducer of Figure 5b when it is attached to the 
pinna (dotted line) and when it .is not at.ta.Ghed to the 
pizina [solid line) . When the transducer is mounted to th^ . 
pinna the power e^ctracted from the traxisducer is increased 
15 since the load o£ the pinna significantly increases the 
real part of the electrical impedance of the transducer. 
(Generally, the electrical iippedance of a piezoelectric 
element is predominately capacitive. 

The cavities in each of the embodiments m&y be 
20 designed as set out below with refeorence to Fig\u:res 7 to 
8B. figure 7 shows a schematic diagram of the Inrpedanced of 
the system* namely the impedances ' of the pinna 32, the 
transducer 70, the cavity 72 and the outer housing 74. The 
mechanical in^edance of the cav^ity may be estimated by 
25 calculating the cotnpliance of an air- load which itself may 
be estimated (assumingr small displacements) from? 




c 
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wiiar-e Pq is atjttosplieric pressiire (lOlkffa) . 

oflbie mecliaaiical impedance of the cavity may then be 
expressed over a freijaency range using: 



5 

The parameters (e-S. size" and eonjpositian) of the 
piezoelectric transciacer are selected for efficient energy 
transfer to the xnedhanieal iii^edance of the pinna over a 
given barSdssridai/^One ^cfceptsJtSLe design of transducer, which 

10 operates" from SffOHz td'*''lOkHz^ conprises five piezoelectric 
layers and is 28mm x"^* Snna- Such a transducer has a 
mechanical output iic^jedance of 4.47 kg/e. A cavity with the 
same area, as the transducer and a depth of 2.5mm has an 
air- load coxnpliance of 1.47xlO-4m/M. 

15 Figure 8a shows the impeaance of the cavity^ the pinna 

and the transducer against frequency- oftie i»ipedance of the 
pinna is roughly constant with frequency helow IkHz at a 
value of Zpinzia = 2.7kg/e* Accordingly, the inipedance of 
each component may be siinplified as shown in Figure 81>. At 

20 a fr6C[UBnc?y fi (approx- 420Ha) the mechanical ins^edance of 
the cavity is ecpial to that of the transducer. Below this 
frequency the transducer output will be constrained by the 
action of the cavity and thus fj. should be set as the 



* 
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minimuin caper-ating f jrequency for t±Le apparatus . The 
fxequency of fi may be lowered by increasing the size 
(particul^ly deptJi) of the cavity to avoid the crossover 
point occurring in the working band of the apparatus. 

At the lowest opera-ting frequency^ namely SOOHZr 
Zoavity = 2.17kg/s and thus Zcavicy < Zpiezo and Zcavity < 
Zpinna. ' oihls condition ±b also satsified througrhout the 
opex-ating f regency, i.e. upto lOkHz, since Zpieso is 
cozistantf Zpinna is constant to ikHz and then rises whereas 
Zcavity decrecises with fre<2uency. 

By mounting the transducer behind the eax^ the audio 
apparatus .is iino]t^jtinasi?re; di-scr^et^^jjind does not obstruct . 
or distort the shape of thev pinna.. Olhe transducer is 
distanced from and thus does not in^ede the entrance to the . 

ear canal and thus normal hearing is not affected. 

* 

Furthermorex there is reduced occlusion of the ^texxial ear 

• « 

and hence reduced or no localisation errors when coinpared 
to ccxaventional heac^phones which occlude the ear to varying 
degrees • 

iSie audio apparatus zpay be manufactvired from low oost, 
lightweight materials and may thus be disposable, 
disposability may be an advantage where hygiene is 
paramotint^ e.g. conference use. Alternatively / since the 
audio Is not inserted into the ear, it may be more 
comfortable and thus more suitable for long term wear* 
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